ABSTRACT Regional container port operation plays a crucial role in international trade and economic development. Amid fierce competition, orderly running of regional ports is vital. The rank-size status of the regional container ports indicates the orderliness and distribution concentration of port system development and is the focus of port administrations and port operators. This paper introduces the rank-size distribution rule into studies on the development of regional container port systems and proves that Zipf's three-parameter model can effectively describe the evolvement of the rank-size system of regional container ports, taking the container port group in the Yangtze River Delta as an example. This paper finds that the regional container ports tend to become concentrated in high ranks during evolvement. Moreover, the macroeconomic environment has a great impact on the distribution concentration of regional container ports. Economic procyclicality can accelerate port concentration. On the other hand, economic counter-cyclicality will induce port decentralization. The results of this paper are conducive to port administrations and enterprises to gain a more comprehensive understanding of the development of regional container ports and to formulate the proper development plans. The results are also helpful for government departments to well design the development strategies for port and shipping development and better steer the benign development of regional container port groups.
I. INTRODUCTION
With the container shipping evolving and the ship upsizing trend progressing, container ports are also becoming specialized and larger. Regional container ports have invested a huge sum to build large berths and update container handling facilities, which has boosted the modernization of container ports but also accelerated competition among regional container ports. Therefore, studies on orderly development and evolvement law of regional container ports are very important.
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The study on the evolvement law and development system of regional ports constitutes an important link in port development research and refers to the studies on the spatial distribution and combination of ports of different types and levels in a certain area. Such research involves port size, port nature, as well as the geographical distribution and hinterland of various categories and levels of ports, and labor division and relations between ports [1]- [5] . Zipf's law for rank-size distribution has long been an important method for economic system research and plays an essential role in regional economic development and rank research [6] , [7] . Studying ranks of regional container ports means evaluating a port against the evolvement law of key operational indicators (such as container throughput) of regional container ports to test whether the port adheres to the Zipf law and exhibits characteristics of its rank.
Development of regional container ports has been following a dynamic trend for a long time. They may be centralized or decentralized, and the concentration degree of regional container port groups is also an important indicator for regional container port development. Meanwhile, the external factors that lead to these changes are also worth exploration. Identifying the law that a regional container port complies with for development, clarifying feature details of the development trend of regional container ports, and locating the change-incurring external factors are conducive to the formulation of a proper plan for regional container port development. This paper employs the Zipf's law to investigate the evolvement trend and influencing factors of regional container ports.
The paper is structured as follows. Following Section 2 of methodology, which will brief the Zipf one-parameter, twoparameter and three-parameter models, with the focus on the basic framework and validity checking method of Zipf's three-parameter model, Section 3 discusses the rank system of container ports in China's Yangtze River Delta and port evolvement characteristics with case studies, and analyzes the model results. In Section 4, the last part, the study result is presented, with the direction for next-step research provided.
Development of regional port systems has drawn high attention from many scholars in the port and shipping field, and port system theories are constantly developing and maturing.
A large amount of previous academic research focused on the economic development of ports. Lam analyzed the evolvement of seaborne cargo transit at Singapore Port, highlighting the modernization of Singapore Port in infrastructure investment and cargo handling facilities [8] . De Langen and Van Der Lugt used Dutch ports as an example to probe into the economic management system reform during port development, and analyzed the changes that state-owned port development companies brought about to port laws, finance and commercial activities after replacing traditional port authorities [9] . Zhang and Lam analyzed the linkage between the economic development of Hong Kong Port and London Port and maritime services sectors based on the symbiosis theory [10] . Other related research primarily approached the concerted development of ports and cities, green port economy and modernization of port economy and supply chain [11] - [15] .
There were also some studies on port system most of which centered around port competition in services and the cargo-source hinterland. Fraser and Notteboom described the port handling inadequacy, port congestion, poor facilities and other problems in the Sub-Saharan Africa area, putting forward specific measures for ports to improve services and enhance competitiveness to address these shared problems [16] . Homosombat et al. established an economic analysis model, taking into account different cargo source needs and costs of access to the hinterland of ports as well as the intra-and inter-port cluster competition, and expounded the competition relationships of China's Pearl River Delta port group and recommendations [17] . Knatz elaborated on the measures taken by state governments in terms of taxation, regulations and port operation evaluation criteria among others under the intensified port competition in the United States, and the impact of those measures on the port competition landscape [18] . Meanwhile, some articles looked at port competition by studying ship operators, spatial diversification of port system, port status in the entire logistics network, impact of new shipping channels and other aspects [19] - [23] .
In addition, some studies evaluated port system primarily from angles of the supply chain systems of regional ports, port participation in multimodal transport, environmental pollution at ports and operational efficiency of ports [24] - [31] .
A large number of existing studies on port systems focus on economic development of ports, competition among regional ports and port evaluation, but few touch on the rank-size evolvement of regional container ports. At present, scholars primarily analyze development issues of regional container ports from the perspective of information technology and handling technology [32] - [35] . From many previous academic research results, scholars rarely discussed the sizerank evolvement rule of the regional container port system. This paper will introduce Zipf's three-parameter model to explore the rank-size distribution of regional container ports and analyze the causes and implications of the distribution.
II. METHODOLOGY A. ZIPF'S LAW MODEL
The development of the mathematical model expression of Zipf's law undergoes several stages, first from one-parameter model to two-parameter model, and finally to the general three-parameter model [36] . Accordingly, the one-parameter model of Zipf's law applied to the container port system can be expressed as:
In the formula, r refers to the rank of the container port (r = 1, 2, 3 . . .), P r refers to the size of the port in the r-th rank, and the only parameter in the formula is the scale coefficient P 1 , which represents the size of the largest port in the current container port system, which represents the most primitive form of Zipf's law.
The Zipf's two-parameter model that evolves from that can be expressed as follows in container port system studies:
In the formula, q is the scaling exponent, also called Zipf dimension. The scale factor C refers to the size of the primate port in the ideal world. The meanings of other symbols are the same as those in (1) . The two parameters are C and q, and the Zipf's two-parameter model is relatively more pervasive than the Zipf's one-parameter model. The Zipf's three-parameter model, the most pervasive one, can be expressed as follows in container port system sector:
r represents the rank of the port (r = 1, 2, 3 . . .), P r represents the size of the port of the r-th rank, C is the scale factor indicating the size of the primate port in the ideal world, and k is the tuning parameter (k = 0, 1, 2, 3 . . .). q is the scaling exponent, that is, the Zipf dimension. In numerical value, q =R 2 /D, where D is the fractal coefficient and R 2 is the degree of fitting [37] .
Evolving from previous Zipf models, the Zipf's threeparameter model is more practical than the Zipf's two-parameter and one-parameter model. In addition, Zipf's one-parameter and two-parameter models are just special cases of Zipf''s three-parameter model. Therefore, in view of model applicability, we used the most representative model -Zipf's three-parameter model. The q value in the model can explain the distribution concentration characteristics of the container port system. When q=D=1, the ratio of the container throughput of the biggest port to that of the smallest one is equal to the number of ports in the entire port system, which is the ideal optimal distribution.
When q<1 but D>1, it indicates that port rank-size distribution is relatively scattered and relatively balanced among all ranks of container ports. High-rank ports are not notably large, there are many mid-rank ports and small and medium-size ports that take a relatively big share and enjoy relatively sound development. However, in such distribution, the primacy role of high-rank ports may be undermined, leading to their weak function in promoting the port system development in the region.
When q>1 but D<1, it indicates that port rank-size distribution is relatively concentrated, with high-rank ports highlighting monopoly. High-rank ports play a dominant role in shaping the rank-size distribution pattern and vary greatly from each other. Large ports are prominent, but small and medium-sized ports are less developed. Container throughput is unevenly distributed. This pattern is not conducive to the exchange and development between ports of various ranks.
When q→0 and D→ ∞, it indicates that all ports in the region tend to have similar rank-size.
When q→ ∞ and D→0, it indicates that there is only one port in the system, which is the absolute primacy distribution.
The above two situations are hard to materialize in the real world. In port evolvement research, when the q value increases, the port system tends to concentrate, and when the q value decreases, the port system becomes increasingly discrete.
B. BASIC FRAMEWORK FOR MODEL ANALYSIS
Zipf's law is a classic method for studying the rank-size structure of urban systems, and its validity has been proved in other fields [6] , [37] . Container throughput can reflect the rank-size of a container port to a large extent. Thus, we applied zipf's law in the distribution of regional container ports and has justified the law's validity in this topic. To use the Zipf's law for rank-size status analysis of regional container ports, this paper builds the Zipf's three-parameter model for regional container port groups using this method. The overall research framework and process are shown in Figure 1 .
Note: All the characters in the figure have been defined before.
C. MAIN STEPS OF THE MODEL
The regional container port rank-size analysis is carried out following the steps below:
Step 1: Identify the specific target of study, including determining the region to be studied, the development status of container ports in the region, and the time span covered in the study.
Step 2: Building the Zipf's three-parameter model. Use r to denote the rank of the port (r = 1, 2, 3 . . .) and P r to denote the size of the port of the r-th rank. C is the scale factor indicating the size of the primate port in the ideal world, and k represents the tuning parameter (k = 0, 1, 2, 3 . . .). q is the scaling exponent, that is, the Zipf dimension. We take the logs of both sides of (3) to better use and explain the model, as follows:
Step 3: Collect data and determine the tuning parameter. Based on the determined time span of study, collect the annual container throughputs of each container port in the region, and process the data. This paper refers to the practice of VOLUME 7, 2019 Chen Y in his study on the urban rank system to determine the k value [36] . First, we set the value of k to 0, and substitute the collected and processed data into Formula (4) to get the corresponding fitness value. Then we change the value of k to get different fitness values R 2 . When R 2 reaches the maximum, its corresponding k value is the optimal value. We use this optimal value as the tuning parameter.
Step 4: Perform regression analysis on the model. After determining the value of the tuning parameter k, we perform linear regression on (4) using the collected and processed data in Step 2, to get the corresponding ln C and q parameter values.
Step 5: Test the validity of the model. The distribution from the Zipf's law model is proved to be power-law distribution. For this reason, this paper refers to the approach by Gabaix to test the validity of the fitting results from the Zipf's three-parameter model [38] . There exists a certain quadratic deviation between the actual rank-size distribution of the regional container port system and the ideal rank distribution, and the test result of the quadratic term can reflect whether the Zipf's three-parameter model can effectively describe the rank-size distribution of the regional container port system.
Rank the ports in the regional port system by their ranksize, and perform regression analysis on the port rank r using the following formula:
In the formula:
The power-law distribution assumes that the quadratic term coefficient l = 0 in the case of asymptotic distribution. The higher the |l|, the higher degree of port rank-size distribution deviating from the power-law distribution, and the less compliant with the Zipf's three-parameter model distribution. With the null hypothesis H 0 , the value of √ 2N l/β 2 tends to a standard normal distribution (N is the number of samples). At a 99% probability level, the absolute values of all standard normal distribution values are less than 2.57, so l * = 2.57β 2 / √ 2N is the critical value of the quadratic term l at the 1% confidence level. If |l| > l * , the null hypothesis H 0 is rejected, that is, incompliance with the Zipf's three-parameter model; if |l| < l * , the null hypothesis H 0 is accepted, that is, compliance with the Zipf's three-parameter model.
Step 6: Analyze and explain the model results and significance. The results can help with the rank-size trend analysis and evaluation of regional container ports, in order to summarize the law and draw general conclusions of regional container port development. tremendous contributions to urban development. The ports themselves also exhibit dynamic changes in size and rank during economic upturn or downturn. The Yangtze River Delta is home to 14 ports, namely Shanghai Port, Ningbo-Zhoushan Port, Suzhou Port, Lianyungang Port, Nanjing Port, Jiaxing Port, Nantong Port, Wenzhou Port, Jiangyin Port, Yangzhou Port, Zhenjiang Port, Taizhou Port, Changzhou Port and Taizhou Port, as shown in Figure 2 . Ports in different cities have entered the port system through competition and cooperation, forming a rank-size distribution structure. Data in this study are derived from the statistics of annual publications of China Ports Yearbook. This paper takes the data samples from 1998 to 2017 for analysis.
III. CASE STUDY OF YANGZI RIVER

B. MODEL APPLICATION
we can clearly observe the growth trend of container port throughput in the Yangtze River Delta, as shown in Figure 3 . The container throughputs of Shanghai Port and Ningbo-Zhoushan Port are far ahead, while that of other ports change little. To further analyze the development law of container ports in this area, we adopt Zipf's method to deal with it.
According to the statistics, we can perform linear regression on the container throughputs for the period of 1998 to 2017 of ports in the Yangtze River Delta using the formula ln P r = − q ln (r + 1) + ln C, and then we can get the results of the Zipf's three-parameter model ( Table 1) .
The model results need to be tested to verify the model validity. According to the validity test method described above, process the data of various years following the above validity testing method, and the |l| and l * values of each year can be figured out. From Table 2 , we can know from tests that the rank-size distribution of the Yangtze River Delta port system in each year is capable of rejecting quadratic term correction of the Zipf's three-parameter model, indicating that the Zipf's three-parameter model is able to describe the rank-size distribution of the Yangtze River Delta port system. For this reason, the Zipf's law is applicable to studying the rank-size distribution and evolvement features of the Yangtze River Delta container port system. 
C. RESULT ANALYSIS
Despite the slight fluctuations in container throughput at some ports, the throughput has been on a rise year by year for container ports in the Yangtze River Delta. The rank-size change of each port is also worth exploring. Shanghai Port has been ranked first in the statistical period, highlighting its position as a hub in the region. Since establishment and operation in 2003, Jiaxing Port has enjoyed rapid development with its container throughput on a fast rise, moving the port upward on the ranking list. Over a span of 14 years, Jiaxing Port has risen from the last in the region to the sixth place. However, time-honored Nantong Port suffered throughput declines in 2009 and 2012, against its rising momentum overall, and fell from the third place on the ranking list in 1998 to the seventh in 2017, or even to the ninth, as shown in Figure 4 . Overall, high-ranking ports such as Shanghai Port and Ningbo-Zhoushan Port have relatively strong monopoly status, the development of most small and medium-sized ports is not good enough, and the distribution of container throughputs is not balanced among ports in the Yangtze River Delta. Since 2013, container throughputs of ports in the Yangtze River Delta have been changing slowly, except that of Shanghai Port and Ningbo-Zhoushan Port, as shown in Figure 3 .
Analyzing the rank-size data of container ports in the Yangtze River Delta, we can find that the Zipf's three-parameter model fits the data well, with high value of R 2 of each year, all of which are above 0.900 (Table 1) drew the rank-size log-log relationship fitting graph, as shown in Figure 5 . The figure exhibits the law that the Zipf's threeparameter model changes with the evolvement of container ports in the Yangtze River Delta and highlights its monofractal feature. To better understand the developments of the container port system in the Yangtze River Delta in 1998-2017, we extracted the Zipf dimension q of each year for study, as shown in Figure 6 . The figure shows that all the Zipf dimensions of the Yangtze River Delta container port system are greater than 2, with the greatest close to 4.5, indicating the high concentration of container ports in the region. This means that high-rank container ports have stronger control over small and medium-sized ports and are highly concentrated, while low-rank ports suffer development restrictions. The container port system in the Yangtze River Delta is overall unevenly developed. In the statistical period, the q value 
D. CONCLUSION AND IMPLICATIONS FOR POLICY-MAKING 1) PHASED FEATURES
The Yangtze River Delta container port system is in general led by high-rank ports. However, the Zipf dimension value also observes a development law year by year. The q value underwent three stages of change, with each stage exhibiting a monofractal feature. The rank-size distribution of the Yangtze River Delta container port system in the same period also featured three stages: decentralization -centralizationdecentralization, as shown in Table 3 .
As shown in Figure 6 , the port system in the Yangtze River Delta experienced decentralization during 1998-2000, when the Zipf dimension dropped significantly. During this period, a number of new container berths of ports in surrounding areas were built, such as Wuhu port and Wuhan port. This initiated container shipping for some inland river ports, expanding development decentralization. From 2000 to 2007, the Zipf dimension followed an upward trend, container throughput further concentrated to high-rank ports, and the port system presented concentrated development. During this period, Shanghai Port saw a sharp rise in throughput, with its average annual growth rate remaining above 20%, strengthening its hub status. At the same time, Ningbo-Zhoushan Port in Zhejiang province enjoyed fast development, with its annual increases staying higher than 30%, which has made the port literally the fastest growing port in the Yangtze River Delta. In the same period, Nanjing Port, Suzhou Port and Lianyungang Port also recorded fast growth. With well-organized shipping routes, their connections with the hub port were intensified, driving their container throughputs to higher than 1 million TEUs. However, most of the low-rank ports in the region developed slowly. From 2007 to 2017, the Zipf dimension value followed a declining curve on the whole. Container shipping in the Yangtze River Delta was decentralizing. Shanghai Port, as a hub port, was under increasing pressure for container shipping, and some container cargoes gradually went to feeder ports. Medium-sized and small ports played an increasing role in container shipping, attracting a large number of container cargoes, boosting market decentralization.
2) IMPLICATIONS FOR POLICY-MAKING
Most distribution and evolvement characteristics of container port rank-size in the Yangtze River Delta are subject to the impact of the macro economy, technological innovation, manufacturing industry layout and waterway projects.
The macroeconomic situation has a huge impact on port distribution tendency. During the 20 years, having experienced the Asian financial turmoil, China's entry to WTO and the global financial crisis, container ports in the Yangtze River Delta also followed a development trend of decentralization, centralization and decentralization.
The period of 1998-2000 marks the decentralization of the port system in the Yangtze River Delta. The Asian economic crisis broke out in 1997, dealing a catastrophic blow to Asian economy. This financial turmoil hit inter-regional and international trade hard, inflicting heavy losses on the shipping market, resulting in a significant slowdown in container shipping growth [39] . Data analysis showed that the economic crisis had a bigger impact on high-rank ports than on low-rank ports. Since the international shipping industry is slower in responding to market changes than the global financial sector, the impact of this financial crisis on development of container ports in the Yangtze River Delta continued to be felt for a long time after the end of the financial crisis. It was not until 2000 that the container shipping market began to gradually recover.
Amid the port centralization period from 2000 to 2007, China joined the WTO in 2001. The Yangtze River Delta attracted massive investment as economic growth surged. By virtue of convenient transportation, Shanghai Port and Ningbo Port registered greater progress with their superior geographical conditions and trade environment in the Yangtze River Delta. Compared with other low-rank ports, these two ports attracted more processing plants, and a large number of container cargoes went through the high-rank ports, boosting the concentration toward high-rank ports of the container port system in the region. On the other hand, high-rank container ports often have a better cargo collection, distribution and transportation system. Leveraging the well-developed transportation facilities around them, high-rank ports can attract cargo sources in the hinterland of other small and medium-sized ports. In an economic pro-cycle, the transit shipment and transportation of a large number of containers can produce scaled benefits and high-rank ports with a higher container throughput can exert their scaled economy advantages better, while small and medium-sized ports' scale benefits are inferior to large ports. This results in the centerof-gravity shift to the high-rank end of the port system. It is worth noting that Changzhou port and Jiaxing port were newly established in the region in 2001 and 2003 respectively. Logically, they would join the competition for cargo sources from high-rank ports, leading to decentralization of ports, that is, a decline in the Zipf dimension. However, the Zipf dimension of the two years increased instead, which seems to indicate that the high-rank centralized development in the period resulting from the macroeconomic impact overweighed the decentralized development resulting from an increased number of port, hence the rising q value overall [40] .
Similarly, amid the port decentralization period from 2007 to 2017, economic crisis swept the world in 2008 and took a heavy toll on all sectors. In 2009, The container throughput in the Yangtze River Delta declined and China's economy tumbled under the enormous impact, crippling the container throughput of ports (see Figure 3) . Large container ports with innate advantages in scaled economy were far more badly hurt than small and medium-sized ports. As a result, some cargo sources from the hinterland of small and medium-sized ports went back to small and medium-sized ports, boosting the decentralization of container ports in the Yangtze River Delta. Amid reduced port benefits and imbalanced supply-demand relationships, port enterprises began to work with each other to gain ground. Cooperation among regional ports was strengthened to jointly enhance the risk resistance ability. Various ports VOLUME 7, 2019 complemented with each other's advantages and the port system became decentralized, promoting balanced development of ports [41] .
On the other hand, the manufacturing industry landscape also played a role in shaping port distribution. During the centralized development stage from 2000 to 2007, many manufacturing enterprises flooded into the coastal area of the Yangtze River Delta, facilitating cargo flows to large coastal ports and driving the centralization of container ports in the region. From 2007 to 2017, with the economic development, ports witnessed increasing operating costs, and a considerable number of enterprises from coastal areas moved to places with low production costs and sound transportation conditions in the Yangtze River Delta. The migration further promoted benign development of the ports in the destination of migration and decentralization of container ports in the Yangtze River Delta [17] , [42] .
Meanwhile, channel engineering projects aimed at improving the navigation conditions of inland river ports also affected the distribution of regional ports. The improvement of the navigation conditions of Yangtze River, the backbone of the Yangtze River Delta integrated navigation system, affects the layout of ports along the river and contributes to the formation of a comprehensive shipping system. The Yangtze River deep-water channel was constantly expanded from 2007 to 2017, allowing more development opportunities for small and medium-sized ports and boosting decentralization of ports [43] . Therefore, government agencies or port administrations can guide and adjust the development of regional container ports from macroeconomic status, enterprise location and waterway engineering. In view of the centralization trend of container ports in the Yangtze River Delta, we should adjust the development to an appropriate extent to promote balanced development of container ports in the region. Specifically, we can start from the following aspects. First, small and medium-sized ports should seize development opportunities in poor economic conditions and roll out preferential policies to win back cargo sources in the hinterland; second, small and medium-sized port cities can appropriately relax restrictions on manufacturing enterprises and offer preferential treatment to attract enterprises; third, small and medium-sized port cities should pay attention to waterway renovation and investing special funds to facilitate regular dredging and maintenance of river channels, so as to create favorable conditions for ship navigation.
IV. CONCLUSION
Container shipping acts as an important mode and the mainstream trend of maritime shipping. This paper demonstrates important practical significance for the research of regional container port development and reference for development of port enterprises. It also offers reference for government departments in making port and shipping policies and plans.
To figure out the evolvement characteristics of rank-size distribution of regional container ports, this paper takes the Yangtze River Delta container port group as an example and draws the following conclusions:
First, rank-size evolvement of regional container ports observes the Zipf's three-parameter distribution. Effectively fitting and describing the rank-size changes of regional container port, the Zipf's three-parameter model (k>0, q =1) is tested to register sound fitting performance.
Second, the regional container port system has shown a development trend toward high-rank ports in the long run. That is to say, high-rank ports stand out and tend to gain monopoly, while low-rank ports face development restrictions. Container throughput distribution is highly uneven. Besides, the Zipf dimension is generally greater than 2, far from the ideal status of q = 1. This is quite different from the rank-size distribution law of regional cities (where q value is within a narrow range around 1).
Third, economic environment changes (economic procycle, economic crisis) have a great impact on the port-size system development. In an economic pro-cycle, high-rank container ports can exert a greater scaled economy effect, winning wider space for growth, leading to centralization toward high-rank ports of the regional port system and limited development of lower ranks. In economic crisis however, large ports will lose their scaled economy advantages amid reduced port operation benefits. Various container ports will choose to cooperate to fight risks, boosting decentralized and even distribution of the regional port system. This paper may contain limitations, which are small number of regional container ports and narrow time span. Two orientations are suggested for future studies. First, the time scope of data samples can be expanded to validate and analyze the law in a longer statistical period. Second, the research method can be extended to container port groups in other parts of the world to work out more widely applicable laws and difference impact factors. 
